Indirect detection of dark matter (DM) by multi-wavelength astronomical observations provides a promising avenue for probing the particle nature of DM. In the case of DM consisting of WeaklyInteracting Massive Particles (WIMPs), self-annihilation ultimately produces various observable products including e ± pairs and gamma-rays. The gamma-rays can be detected directly, while the e ± pairs can be detected by radio emission from synchrotron radiation or X-rays and soft gammarays from inverse Compton scattering. An intriguing region to search for astrophysical signs of DM is the Galactic center (GC) of the Milky Way, due in part to an observed excess of gamma-rays that could be DM. A recent observation by the Fermi-LAT collaboration of a similar excess in the central region of the Andromeda galaxy (M31) leads us to explore the possibility of a DM-induced signal there as well. We use the RX-DMFIT tool to perform a multi-frequency analysis of potential DM annihilation emissions in M31. We consider WIMP particle models consistent with the GC excess and calculate the expected emission across the electromagnetic spectrum in comparison with available observational data from M31. We find that the particle models that best fit the M31 excess favor lower masses than the GC excess. The best fitting models are for a bb final state with Mχ = 11 GeV and σv = 2.6 × 10 −26 cm 3 s −1 , as well as an evenly mixed bb/τ + τ − final state with Mχ = 5.8 GeV and σv = 2.03 × 10 −26 cm 3 s −1 . For conservative estimates of the diffusion and magnetic field models the expected radio emissions appear to be in tension with currently available data in the central region of M31, although this constraint has a fairly strong dependence on the values chosen for parameters describing the magnetic field strength and geometry.
Indirect detection of dark matter (DM) by multi-wavelength astronomical observations provides a promising avenue for probing the particle nature of DM. In the case of DM consisting of WeaklyInteracting Massive Particles (WIMPs), self-annihilation ultimately produces various observable products including e ± pairs and gamma-rays. The gamma-rays can be detected directly, while the e ± pairs can be detected by radio emission from synchrotron radiation or X-rays and soft gammarays from inverse Compton scattering. An intriguing region to search for astrophysical signs of DM is the Galactic center (GC) of the Milky Way, due in part to an observed excess of gamma-rays that could be DM. A recent observation by the Fermi-LAT collaboration of a similar excess in the central region of the Andromeda galaxy (M31) leads us to explore the possibility of a DM-induced signal there as well. We use the RX-DMFIT tool to perform a multi-frequency analysis of potential DM annihilation emissions in M31. We consider WIMP particle models consistent with the GC excess and calculate the expected emission across the electromagnetic spectrum in comparison with available observational data from M31. We find that the particle models that best fit the M31 excess favor lower masses than the GC excess. The best fitting models are for a bb final state with Mχ = 11 GeV and σv = 2.6 × 10 −26 cm 3 s −1 , as well as an evenly mixed bb/τ + τ − final state with Mχ = 5.8 GeV and σv = 2.03 × 10 −26 cm 3 s −1 . For conservative estimates of the diffusion and magnetic field models the expected radio emissions appear to be in tension with currently available data in the central region of M31, although this constraint has a fairly strong dependence on the values chosen for parameters describing the magnetic field strength and geometry.
I. INTRODUCTION
Understanding the fundamental nature of dark matter remains one of the foremost problems in physics. Particle dark matter is arguably the best-supported explanation, and Weakly-Interacting Massive Particles (WIMPs) in particular have strong theoretical motivation as a potential candidate [1] [2] [3] . One of several possible methods for testing WIMP models of dark matter is through indirect detection using astrophysical observations. In the case of annihilating dark matter, the byproducts of dark matter annihilation can include standard model particles such as quarks, leptons, and bosons, which then decay into particles that can be detected through a variety of observational experiments. For instance, the production of electrons and positrons can produce radio emission through synchrotron radiation in regions where magnetic fields are present, or X-rays and soft gamma-rays by up-scattering ambient photons through inverse Compton scattering. Additionally, dark matter annihilation is expected to produce prompt gamma-rays predominately from neutral pion (π 0 ) decay that have been a major focus of dark matter indirect detection searches. While the bulk of indirect searches for annihilating dark matter have been performed by studying these gamma-rays, several studies have shown that the radio [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] as well as * alexmcdaniel@ucsc.edu † tesla@ucsc.edu ‡ profumo@ucsc.edu
x-ray [9, 14, 15] approaches have the potential to place competitive and in some cases stronger constraints on dark matter in a variety of systems including galaxy clusters, dwarf galaxies, and the central regions of normal galaxies. An especially enticing target for indirect dark matter searches is our own Galactic center, which has been widely studied in the context of dark matter due in part to its proximity as well as its high concentration of dark matter. Additionally, the presence of a gamma-ray excess in the inner galaxy known as the Galactic Center Excess (GCE) has been reported by several groups using Fermi-LAT data and could potentially be explained as a dark matter signal from annihilating WIMPs [16] [17] [18] [19] [20] [21] (or for a review see [22] ). Other possible explanations for the GCE that have been explored include an unresolved population of millisecond pulsars (MSPs) [23] [24] [25] or additional cosmic ray sources [26] [27] [28] . Several of the dark matter interpretations have been shown to be consistent with observations for certain WIMP models, specifically for those annihilating through bb and τ + τ − channels with masses of ∼ 30 − 50 GeV and ∼ 7 − 10 GeV, respectively (see e.g. [17] [18] [19] [20] [21] ).
A similar excess in the nearby Andromeda galaxy (M31) has been reported by the Fermi collaboration [29] . The dataset used in the analysis by [29] includes 88 months of Pass 8 data collected between August 4, 2008, and December 1, 2015. SOURCE class events were used excluding those with zenith angle greater than 90
• or rocking angle greater than 52
• . Reconstructed events within an energy range 0f 0.1-100
GeV were considered as well as reconstructed directions within a 14
• × 14
• region of interest (ROI) centered at (α, δ) = (10
• .6847, 41
• .2687). For greater detail about the analysis we refer the reader to Ref. [29] .
The results from this analysis motivate an examination of similar possible explanations of the observed excess as in the case of the GCE. Already there has been exploration into the MSP explanation for the M31 excess [23] , where the point was made that MSPs are unlikely to be able to account for the entirety of the observed emission. In this paper, we use the recently developed RX-DMFIT [30] tool to explore dark matter annihilation as a potential source of the observed excess, and consider the multi-wavelength emissions that would be expected due to synchrotron radiation, inverse Compton scattering of CMB and starlight photons, and π 0 decay and other prompt gamma-rays from dark matter annihilation. We particularly focus on the radio and gamma-ray aspects as they provide greater insight than the X-rays into the dark matter interpretation with current observational data. M31 has been the focus of some previous radio-only dark matter studies [6, 7] as well as an analysis comparing the DM induced gamma-ray emission in M31 with multi-wavelength emission in other systems [31] . Here however we study the full spectrum expected from dark matter annihilation in M31 and we compare directly with data available in the literature in order to provide complementary probes of a dark matter interpretation for the gamma-ray emission from Andromeda. Our analysis thus provides a two pronged approach wherein we seek to determine whether the GCE dark matter particle models provide gamma-ray emissions consistent with the M31 observations, as well as whether potential dark matter particle models that could explain the M31 gammaray excess also predict radio and X-ray emissions "selfconsistent" with available M31 observations. This paper is organized in the following manner. In section II we present our astrophysical model for M31, including relevant astrophysical model components such as the diffusion model parameter, the magnetic field, the dark matter density profile, and the interstellar radiation field (ISRF). We derive expressions for the synchrotron and inverse Compton emissions from DM annihilation in section III, then describe our particle physics models in section IV. Our results comparing the expected emissions due to dark matter annihilation and the observational data are presented in section V, and finally we conclude in section VI. Throughout this paper we assume a ΛCDM universe with H 0 = 70.4 km s
The computation of expected emissions due to the injection of electrons and positrons from DM annihilation requires solving a diffusion equation of the type
where ∂n e /∂E is the electron equilibrium spectrum and the source term from DM annihilation, Q(E, r), is given by
where ρ χ (r) is the DM density profile, M χ is the DM mass, σv is the thermally averaged annihilation cross-section, and dN/dE inj is the e ± injection spectrum through annihilation channels with branching ratios BR f . The equation above makes several simplifying assumptions, including the absence of diffusive reacceleration and convection, and is well-defined once boundary conditions are specified; also, the factor 2 in the denominator of Eq. (2) implicitly assumes that the dark matter is its own antiparticle.
In the energy loss term b(E, r) we include contributions from synchrotron radiation, inverse Compton scattering of CMB and starlight photons, Coulomb interactions, and bremsstrahlung radiation, given by the expression
Brem. n e log E/m e n e + 0.36 . 6.13 [32, 33] . Additionally, we take the photon energy densities to be u SL = 8 eV cm −3 for starlight and u CM B = 0.25 eV cm −3 for CMB photons [34, 35] . We will work under the assumption of a steady-state solution, and we thus set the left hand side to zero while noting that the analytic solution can be determined in the case on non-stationary sources [33, 36] ; also, we adopt a homogeneous diffusion coefficient of the form,
The similarity between the Andromeda galaxy and the Milky Way motivates us to adopt Galactic diffusion parameter values; we thus employ D 0 = 3 × 10 28 cm 2 s −1 and δ = 0.3, which are representative values for the Milky Way [37] [38] [39] [40] . While previous analyses of DM annihilation in Andromeda neglect diffusion [6, 7] , we take this into account for a more conservative analysis, noting in particular that diffusion is relevant on the smaller scales that we explore in this work. There are also other potential astrophysical processes that could depress the signal such as convection and reacceleration [37, 41] , however we do not consider these effects in this paper. The full analytic solution to the diffusion equation with free-escape boundary conditions is [33, 36] ,
where r h is the diffusion zone radius and the locations of the image charges used to implement the free-escape boundary condition are r n = (−1) n + 2nr h . The value ∆v is defined as ∆v = v(E) − v(E ) with
where we have adopted the spatially independent form of the energy loss term as previously described [30] .
B. Magnetic Field
The predicted synchrotron emission from the e ± products of dark matter annihilation depends heavily on the magnetic field strength and profile. While the full three dimensional structure of the magnetic fields in the central region of M31 can be highly complex, the magnitude of the fields as determined by Faraday rotation measures of polarized radio emission have been reported to have strengths of 15 ± 3 µG for r = 0.2 − 0.4 kpc and 19 ± 3 µG for r = 0.8 − 1 kpc [42, 43] , whereas the regular magnetic field in the outer regions is fairly constant with a typical strength of roughly 5 ± 1µG [44] . In this study we model the magnetic field of M31 with an exponential component as well as a constant component with the form,
For consistency with above quoted values, we adopt B 0 = 10 µG and B const = 5 µG, as well as taking r c = 1.5 kpc based on estimates of the magnetic field scale height [44] .
Since we are only interested in a relatively small region of radius r ∼ 1 − 5 kpc, we assume a spherical magnetic field model while acknowledging that a more accurate model of the magnetic field would include another spatial dependence perpendicular to the plane of the galaxy in order to better model the disk structure at larger radii.
C. Dark Matter Density Profile
Previous studies have shown that the M31 rotation curves can be fit with good results by using a NavarroFrenck-White (NFW) [45, 46] profile [47, 48] . Here we adopt a generalized NFW profile of the form
where γ is a free parameter. For a standard NFW profile we take γ = 1, however when including significant baryonic matter, such as in the central regions of galaxies, the DM distribution is expected to have a more centrally peaked profile [49, 50] . Values used in GCE analysis are typically about γ ∼ 1.2 − 1.3 [18] [19] [20] [21] . Thus, we will examine a variety of γ values, taking a default of γ = 1. 25 . The values for the characteristic density, ρ s , and scale radius, r s , are taken to be 0.418 GeV cm −3 and 16.5 kpc respectively [47] .
D. Interstellar Radiation Field
In modeling the ISRF for Andromeda we include two elements: the CMB radiation field which is modeled exactly by a black-body spectrum with temperature T = 2.735 K, as well as a starlight (SL) radiation component. We approximate the SL energy spectrum as a black-body with T = 3500 K, following previous work showing this is a reasonable assumption for the case of the Milky Way [51] . Unlike the CMB radiation field that is constant throughout the universe, our SL radiation field requires including a spatial dependence. For this, we use a two component bulge-disk model that follows the luminosity profile of M31 [52] . Specifically, for the bulge component we employ
and for the disk we employ instead
The values for the various parameter b n , r b , n, r d are taken from Ref. [52] . From figure 9 of [52] we estimate the ratio of the bulge luminosity to the disk luminosity in the central regions of M31 to be ∼ 1/135. Thus, the spatial profile of our SL model is given by,
Including both the spatial and spectral components we have
where N is a normalization factor. This factor is determined by assuming that the SL energy density in the central regions of M31 is similar to that of the MW, which is roughly ∼ 8 eV cm −3 [34, 35] , giving us a value of N = 4.9 × 10 −11 . In table I we summarize our parameter selection. These are the values used throughout our analysis unless otherwise noted. 
III. EMISSION FROM DARK MATTER ANNIHILATION
A. Synchrotron
In addition to gamma-rays from prompt emission in the annihilation event, the injection of charged electrons and positrons from DM annihilation is expected to produce multi-wavelength emission through processes including synchrotron radiation, inverse Compton scattering of ambient photons, bremsstrahlung, and Coulomb interactions. In the presence of magnetic fields stronger than the equivalent CMB energy density (B CM B = 3.25(1 + z) 2 µG), synchrotron radiation is the dominant energy loss process of the electron/positron byproducts of DM annihilation. The synchrotron power for a frequency ν averaged over all directions is [5, 32] 
where r 0 = e 2 /(m e c 2 ) is the classical electron radius, θ is the pitch angle, and ν 0 = eB/(2πm e c) is the nonrelativistic gyrofrequency. The x and F terms are defined as,
where K 5/3 is the Bessel function of order 5/3. The synchrotron emissivity is then
The integrated flux density spectrum can then be taken to be [30, 33] 
where D A is the angular diameter distance.
B. Inverse Compton
In addition to synchrotron radiation, inverse Compton scattering of ambient CMB and starlight photons is a significant radiative loss process for > 1 GeV electrons and positrons. Depending on the mass of the DM particle [14] , the upscattered CMB photons will peak in the soft to hard X-rays, and the higher energy SL photons will upscatter into the hard X-ray up to soft gamma-ray regime, with higher DM masses leading to higher energy resulting spectra in each case. With the photon number density n( , r) = n CM B ( ) + n SL ( , r), and the IC scattering cross-section σ (E γ , , E), the IC power is
where is the energy of the target photons, E is the energy of the relativistic electrons and positrons, and E γ is the energy of the photons after scattering. The scattering cross-section, σ (E γ , , E), is given by the Klein-Nishina formula:
where σ T is the Thomson cross-section and G(q, Γ) is given by [53] :
The kinematics of inverse Compton scattering set the range of q to be 1/ 4γ 2 ≤ q ≤ 1 [33, 53, 54] . As with the synchrotron flux calculation, the local emissivity is
and the integrated flux density is:
C. Gamma-rays
Calculating the gamma-ray flux from DM annihilation is straightforward in comparison to the synchrotron and IC fluxes since gamma-ray photons do not undergo the same radiative loss and diffusion processes. For the gamma-ray flux we integrate over the source volume [9, 33] ,
IV. PARTICLE PHYSICS FRAMEWORK
In this analysis we seek to (i) test whether the hypothesis that the gamma-ray emission from M31 originates from dark matter annihilation is compatible with the same explanation to the Galactic center excess (GCE) and (ii) examine whether WIMP dark matter can explain the gamma-ray excess observed in M31 by the Fermi collaboration [29] compatibly with observations of M31 at other wavelengths. While task (ii) doesn't necessarily entail specific choices for the pair-annihilation final state of the dark matter, given the relatively meager spectral information on the gamma-ray emission from M31, it does provide us with a preferred range for the particle dark matter mass. In order to pursue task (i) and (ii) simultaneously, and for simplicity, we shall consider annihilation final states that have been suggested as plausible candidates to describe the GCE from the standpoint of the reconstructed GCE spectrum.
Specifically, following the results of previous studies of the GCE we focus on particle models with M χ = 40 GeV and a dominant (BR bb =100%) annihilation branching ratio to bb [18, 19, 55] , a mass of M χ = 10 GeV with final state τ ± [21, 55] , as well as a mixed annihilation final state with BR bb = BR τ ± = 0.5 and M χ = 40 GeV [20] (hereafter referred to as the bb/τ + τ − final state). In passing we note that (a) in the context of Majorana particle dark matter models, for example the lightest neutralino of supersymmetry, such final states are often dominant in that mass range, and (b) the spectral features of the bb is largely representative of any dark matter annihilation spectrum to strongly interacting particles (gluon or lighter quark-antiquark pairs) in the mass range under consideration.
In addition, below we also fit to the M31 data with both the mass and cross-section as free parameters, to establish the preferred mass and annihilation rate combinations that best fit the M31 emission, for the same three annihilation final states listed above. While the cross-section allows us to normalize the predicted emission to the Fermi data, adjusting the mass allows us to shift the peak of the spectrum to better fit the data. In doing so, we explore the compatibility between the particle models that fit the M31 excess with models that fit the GCE. For the initial comparison with GCE particle models we choose the DM particle mass and annihilation channel to be fixed and adjust the normalization. We consider particle models with masses of 10 and 40 GeV, annihilation final states bb, τ + τ − , and bb/τ + τ − , and crosssections in the range ∼ 10 −30 − 10 −20 cm 3 s −1 . Crosssections were determined by minimizing χ 2 , and the results are reported in table II along with the corresponding χ 2 min and p-values. The normalized gamma-ray spectra in an ROI of 5 kpc, corresponding to the region where the observed excess is concentrated, for each particle mass and annihilation state are shown in figure 1 along with the Fermi M31 data [29] . The best fitting particle model for the masses considered is given by the bb model at 10 GeV, followed by the mixed bb/τ + τ − final state at 10 GeV. The pure τ + τ − annihilation channel at 10 GeV and 40 GeV as well as the bb and bb/τ + τ − 40 GeV particle models have harder spectra that do not fit the Fermi M31 data well.
The spectra in figure 1 assume a NFW parameter of γ = 1.25 in accordance with the discussion in section II C. However, the actual steepness of the inner profile (i.e. γ) is uncertain, so we show in figure 2 the bestfitting cross-section of the dark matter particle masses and final states under consideration for a variety of γ values. The resulting particle models are compared with Fermi gamma-ray constraints from observations of dSphs [56] .
For all masses and annihilation channels, the shallowest DM profile (γ = 1) conflicts with the Fermi dSphs results, requiring cross-sections well above the reported constraints. At γ = 1.25, the required cross-sections for Parameters and results of the fitting procedure, including by column order the free parameters of each fit, the annihilation channel assumed, the DM particle mass, the cross-section for each γ value, and the corresponding χ the 40 GeV particles are still almost an order of magnitude higher than the maximal annihilation cross-sections allowed by Fermi dSph constraints. For the 10 GeV models at γ = 1.25, all of the cross-sections are concentrated at ∼ 2 − 3 × 10 −26 cm 3 s −1 , or right around the thermal relic cross-section [57] . In the case of the τ + τ − annihilation channel, this is in good agreement with best-fit results of GCE analysis, although conflicts in the case of bb final states, since higher masses (∼ 40 GeV) are favored for bb in GCE particle models. As we steepen the profile to γ = 1.5, we find that the necessary cross-sections fall below the dwarf constraints, and roughly a factor of 10 and a factor of five below the thermal-relic crosssection for the 10 GeV and 40 GeV masses respectively. Of course, a sub-thermal annihilation rate is perfectly fine from a cosmological standpoint, given for instance non-thermal production of dark matter from the decay of a heavier species in the early universe.
B. Fitting the Mass and Cross-section to the Andromeda Gamma-ray Data
Expanding on the analysis in the previous section we now allow both the mass of the dark matter as well as the cross-section to vary in order to fit the gamma-ray data and compare with GCE models. We consider masses in the range of ∼ 5 − 500 GeV and cross-sections on the orders ∼ 10 −30 − 10 −20 cm 3 s −1 and find our best fitting value in the case of bb final states with a mass of ∼ 10 GeV as our best-fit to the Fermi M31 data. To illustrate this point quantitatively, we show the results of the fits in table II and show in figure 3 the 68% and 95% confidence levels for the bb and bb/τ + τ − final states. For a pure τ + τ − final state we were unable to find a reasonable bestfit in the mass ranges considered without reaching the mass threshold for τ + τ − at ∼ 1.78 GeV.
FIG. 3.
We show the 68% and 95% confidence contours of our best fit models with both Mχ and σv as free parameters. For comparison we also show Fermi dSphs cross-section constraints, along with 95% confidence contours for bb final states in GCE studies.
In contrast to the previous GCE studies that found good fits for bb at ∼ 40 GeV, we find that for all models considered a lower mass is required to fit the Fermi M31 observations. Specifically, with γ = 1.25, our best fitting model is the bb final state with M χ = 11 GeV and σv = 2. figure 4 , we show the SEDs of these models in comparison to the spectra of the GCE particle models as discussed in sections IV and V A, and with γ = 1.25 as in figure 1.   FIG. 4 . Gamma-ray SED for the three GCE models (dashed lines) where we choose fixed masses and annihilation final states consistent with GCE models and subsequently adjust the normalizing cross-section. We additionally show the results of our best-fit models from section V B with both the mass and cross-sections as free parameters (solid lines).
C. Comparison to Radio Data
The annihilation of WIMP dark matter particles is expected to produce not only gamma-rays through neutral pion decay, but also an abundance of charged electron/positron pairs, which in turn are expected to produce radio emissions through synchrotron radiation. Thus, any DM particle model that is purported to explain the gamma-ray excess in M31 should also be compatible with radio observations under reasonable assumptions for magnetic field and diffusion models. The focus of radio studies in the literature has largely been on studying emissions in larger regions of M31 out to radii of ∼ 16 kpc [58] [59] [60] [61] [62] , or in the very central ∼ 1 kpc region [63, 64] . To account for this we use the particle models consistent with the Fermi emission in a 5 kpc radius, then predict the radio emissions in a 1 kpc radius in order to compare with observational radio data. When extrapolating from 5 kpc to 1 kpc we assume an inner DM density profile with γ = 1.25. Additionally, we adopt diffusion and magnetic field models as described in sections II A and II B respectively of D(E) = D 0 E δ with D 0 = 3 × 10 28 cm 2 s −1 and δ = 0.3 and B(r) = B 0 e −r/rc + B const with B 0 = 10 µG and B const = 5 µG (see also table I). Figure 5 shows the multi-wavelength SED within 1 kpc for our best-fit models as determined in the previous section compared to radio data. We also include the Fermi gamma-ray data and the predicted gamma-ray emission at 5 kpc (dashed lines) for reference and to emphasize that the particle cross-section is determined by fitting to the gamma-ray data (see previous section). We note that in the mixed state scenario radio emission is predicted to be much larger than radio data in the 1 kpc region, suggesting tension with the assumption that a DM particle with this mass and annihilation state is responsible for the detected gamma-ray emissions. The bb final state model also conflicts with current observations, and predicts higher emission than observed for most data available, albeit with lower expected emissions than the mixed state model.
FIG. 5.
Multi-wavelength SED of our two best-fit models within a 1 kpc ROI compared to radio data [63] . Also shown is the Fermi data [29] and our predicted gamma-ray emission (dashed) within a 5 kpc region.
We also take into consideration uncertainty in the magnetic field and the efficiency of diffusion as parameterized by the size of the diffusion coefficient. Previous studies of radio emissions due to DM annihilation in M31 have typically ignored diffusion, however in figure 6 we demonstrate the effect that varying the diffusion strength (over a range of low to high estimates for the Milky Way) has on the expected emissions. Additionally, in figure 7 we show the DM emission including the magnetic field uncertainty as discussed in section II B. Figures 6 and 7 emphasize the role that the uncertainties in the astrophysics of diffusion and magnetic field parameters have on our ability to make concrete statements concerning the validity of the DM explanation of the gamma-ray excess in M31. For instance, from figure 7 we see that even in the case of the lowest magnetic fields considered, the DM interpretation appears to conflict with the available data. To make dark matter compatible with the radio observations would require a magnetic field strength lower than our most conservative estimates. Diffusion however presents a much more impactful source of uncertainty, as demonstrated in figure 6 . While our nominal value for the diffusion constant is the most typical assumed value for the Milky Way, if we adopt a value that is at the upper limit of quoted values we see a significant decrease in the radio emission. Conversely, for decreasing the diffusion constant yields expected emission that greatly overproduces the observational data. Nevertheless, we have demonstrated that conservative estimates for these parameters predict radio emissions from DM annihilation that are in tension with current observations. Some other points to note include that the spectral shape of the radio emission cannot be matched by the models that fit the gamma-ray data. Due to the low masses needed to fit the gamma-rays, the synchrotron emission peaks at frequencies that are too low for the spectral shape of the predicted emission to match the observations. Additionally, in this analysis we have assumed that the radio emission observed is due entirely to dark matter annihilation. This gives a more conservative approach, since there are other astrophysical contributions to the radio emission such as synchrotron-emitting cosmic-rays that have not been taken into account. 
VI. CONCLUSION
In this work we have examined the gamma-ray excess in M31 reported by the Fermi collaboration in the context of the multi-wavelength emissions from WIMP dark matter annihilation. We used the RX-DMFIT tool [30] to predict the gamma-ray spectra from DM annihilation in M31 and to fit the expected gamma-ray signal to the Fermi data in order to develop best-fit particle models. We did this in two ways; first, we adopted the final states and DM mass values that are consistent with the GCE, and fit the cross-section to the M31 data. This allowed us to compare the necessary cross-sections assuming GCE particle models with current constraints on the DM particle. We found that particle models typically associated with the GCE do not produce spectra that provide good fits to the M31 data.
We then allowed both the cross-section and mass to be free parameters in our fit. Our best fit models in this approach were for bb final states with a mass of M χ = 11 GeV and σv = 2.6 × 10 −26 cm 3 s −1 , consistent with other previous studies of gamma-rays in M31 [65] , as well as finding a reasonable fit for bb/τ + τ − final states with a mass of M χ = 5.8 GeV and σv = 2.03 × 10 −26 cm 3 s −1 . Our analysis does not find a good fit for τ + τ − , although previous studies have also begun to disfavor this annihilation channel for typical GCE mass of 7 − 10 GeV (see e.g. Ref. [19, 20] ). We noted that the M31 data tends to favor lower particle masses than the GCE data for all annihilation channels.
Finally, after establishing the class of particle dark matter models consistent with the observed gamma-ray emission, we used RX-DMFIT to calculate the expected emission due to synchrotron radiation and inverse Compton scattering of CMB and starlight photons. We compared the expected radio emission in the central regions of M31 to observational data adopting a DM particle model with bb final states with a mass of M χ = 11 GeV and σv = 2.6 × 10 −26 cm 3 s −1 in accordance with our best-fit to the gamma-ray data. In this scenario we found that the expected emissions tend to overproduce in the observed radio emission for conservative estimates of the magnetic field (B 0 = 10µG) and diffusion constant (D 0 = 3 × 10 28 cm 2 s −1 ). However, our study shows that very efficient diffusion in M31, to levels around one of order of magnitude larger than in the Milky Way, or highly suppressed average magnetic fields, could reconcile the relatively dim radio emission observed from the innermost 1 kpc of M31 with the expected bright radio emission from secondary electrons and positrons produced by dark matter annihilation.
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